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NASA TTF-10,257 

ENHANCEMENT OF CONVECTIVE HEAT TRANSFER I N  CHANNELS BY MEANS 
OF ARTIFICIAL FLOW TURBULENCE 

V. K. Migai 

(Leningrad) 

3?9"1 
Evaluation of t h e  enhancement of convective hea t  

t r a n s f e r  by turbulen t  flows through p r o f i l e ,  roughened, and 

corrugated (finned) channels. The evaluation is  based on 

an ana lys i s  of the  s t r u c t u r e  of a two-layer tu rbulen t  flow. 

An equation containing three  empir icdcons tan ts  is derived t o  

charac te r ize  t h e  l imi t ing  turbulence of a flow composed of 

a l aye r  with a constant coe f f i c i en t  of tu rbulen t  hea t  

exchange and a viscous sublayer i n  which t h e  molecular 

v i s c o s i t y  i s  g r e a t e r  than i t s  turbulen t  v i scos i ty .  A r t i f i -  

c ia l  roughness is found t o  increase hea t  removal i n  

channels by a f ac to r  of 1.5. The reduction of hea t  ex- 

changer dimensions by diminishing t h e  exchanger diameter, 

by increasing hea t  c a r r i e r  ve loc i ty ,  o r  through a wider use 

of finned sur face  is  suggested. 

Two-layer model of t he  s t r u c t u r e  of tu rbulen t  flow, charac te r iz ing  /123* 

its l i m i t i n g  turbulence is  discussed. On the  b a s i s  of t h e  model ana lys i s ,  

~~~~ 

* Note: Numbers i n  t h e  margin ind ica te  pagination i n  the  o r i g i n a l  fore ign  
text. 



conclusions are reached concerning the perspectives of t h e  enhancement 

of heat t r ans fe r .  

The problem of t h e  enhancement of convective hea t  t r a n s f e r ,  which 

is r e l a t e d  t o  the  reduction i n  metal enclosures and i n  t h e  over-all  s i z e  

of numerous hea t  exchangers used i n  power engineering, chemistry, and 

o ther  segments of t h e  na t iona l  economy, is of g rea t  i n t e r e s t .  One of 

t h e  methods of such enhancement is  the  production of flow turbulence. 

For t h i s  purpose, devices are used which provide per iodic  expansions 

and d is rupt ion  of t h e  flow, and as a r e s u l t  pe r iod ic  r e s t o r a t i o n  of t h e  

boundary l aye r  ( p r o f i l e  channels, a r t i f i c i a l  roughness, various coverings, 

e t c . ) .  These devices a l s o  produce in t ense  o s c i l l a t i o n s  and pulsa t ions  

i n  the  flow with a varying frequency spectrum (Ref. 1). 

The thermal r e s i s t ance  as a function of t he  Prandt l  number i s  very 

I f  one uses t h e  nonuniformly d i s t r i b u t e d  along the  normal t o  the  flow. 

usual three-layer model of t he  turbulent flow s t r u c t u r e  i n  a channel, 

as has  been done f o r  ins tance  i n  (Ref. 2) (a viscous sublayer,  i n t e r -  

mediate region, turbulence nucleus), then t h e  ca l cu la t ions  done f o r  

Re  = lo4  show t h a t  a t  P r  - 0.72 the thermal r e s i s t ance  of t h e  viscous 

sublayer c o n s t i t u t e s  32.3% of the  t o t a l  thermal r e s i s t ance ,  t h a t  of t h e  

intermediate region - 52%, and tha t  of t h e  turbulence nucleus - 15.7%. 

Here t h e  thermal r e s i s t ance  is  given by the  formula 

R = rs + r .  + rn = 1/Nu 1 

where Nu is  t h e  Nusselt number, rs, ri ,  rn denote, respec t ive ly ,  t h e  thermal 

r e s i s t a n c e  of t h e  sublayer,  of the intermediate region, and of t h e  nucleus 
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of the  flow. 

thermal r e s i s t ance  i s  concentrated, not i n  t h e  viscous sublayer,  bu t  i n  

t h e  intermediate region, a notab le  f r a c t i o n  of t h e  t o t a l  thermal r e s i s t ance  

being concentrated a l s o  i n  t h e  nucleus of t h e  turbulen t  flow. 

one obta ins ,  respec t ive ly ,  rs = 74.5X,  ri = 22%, rn = 3.3%. 

w e  have rs = 99%. 

It is  very in t e re s t ing  t o  note  t h a t  t h e  main p a r t  of the a i r  

For P r  = 10 

For P r  = 200 

Therefore, i n  order t o  achieve enhancement of convective hear trans- 

f e r ,  having i n  mind complete turbulent motion, f o r  gas flow it  is, s t r i c t l y  

speaking, necessary t o  render t h e  e n t i r e  region of t he  boundary l aye r  tu r -  

bu len t ,  whereas f o r  t h e  flow of viscous l i q u i d s  it i s  enough t o  set i n  

turbulen t  motion only t h e  viscous sublayer. It must be assumed t h a t  i t  

i s  p r a c t i c a l l y  impossible t o  render a flow without any l i m i t  tu rbulen t ,  

and t h a t  i ts  l imi t ing  turbulen t  state e x i s t s .  

Recent measurements in boundary l aye r s  have shown (Ref. 3) t h a t  t h e  

turbulen t  flow near t h e  w a l l s  can, even f o r  t h e  pre-disruption state, be 

divided i n t o  t h e  viscous sublayer (0.001 - 0.01 61, t he  region of t h e  

logarithmic ve loc i ty  p r o f i l e  (0.1 - 0.2 a), and a region with a constant 

c o e f f i c i e n t  of tu rbulen t  exchange (0.9 - 0.8 6), where 6 is  the  thickness 

of t h e  boundary layer .  

/124 

According t o  the  experiments with s t rongly  roughened tubes (Ref. 4 ) ,  

t h e  turbulen t  v i s c o s i t y  changes only s l i g h t l y  along t h e  normal t o  the  

sur face .  

The ana lys i s  of t he  experimental d a t a  shows t h a t  t h e  turbulence of 

t h e  flow leads  t o  an expansion of t he  region wi th  a constant coe f f i c i en t  

of tu rbulen t  exchange. 
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The l imi t ing  turbulen t  s ta te  can be represented as the  region with 

a constant coe f f i c i en t  of turbulent hea t  exchange expanded up t o  the  

viscous sublayer ( the  region of t he  logarithmic p r o f i l e  is "washed out"). 

S t a r t i ng  with t h e  above preliminaries,  we  s h a l l  analyze a two-layer model 

of flow i n  a channel involving a region with a constant c o e f f i c i e n t  of 

tu rbulen t  v i scos i ty  and a region of a viscous sublayer. 

sublayer ( t h e  region i n  which t h e  molecular v i s c o s i t y  is  g rea t e r  than 

i t s  turbulen t  v i scos i ty )  w i l l  exist a t  any p r a c t i c a l  turbulence i n  t h e  

nucleus of t he  flow; however, t h e  thickness and t h e  level of turbulence 

i n  it w i l l  vary. According t o  (Ref. 2 ) ,  the  turbulen t  v i s c o s i t y  i n  the  

sublayer i s  given by the  formula 

The viscous 

(1) 
P Pr = B V 0 P - y .  

$1 

where pT i s  the  c o e f f i c i e n t  of turbulent v i scos i ty ;  B = 0.032 i s  an experi- 

mentally determined coe f f i c i en t ;  vx denotes dynamical ve loc i ty ;  

dens i ty ;  y denotes t h e  d is tance  from the  w a l l ;  yi is t h e  thickness of 

t h e  viscous sublayer. 

p is  t h e  

Defining, as is  customary, t h e  thickness of t he  sublayer by t h e  ex- 

p re s s ion  

t h e  boundary of the  sublayer 

yi = uv/v*, w e  s h a l l  obtain the  following f o r  t h e  ve loc i ty  a t  

where a is  a p ropor t iona l i t y  coe f f i c i en t ;  T denotes t h e  t angen t i a l  stress; 

TW denotes t h e  t angen t i a l  stress a t  the w a l l ;  p i s  the  coe f f i c i en t  of t h e  

dynamical v i scos i ty .  
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Dimensional ana lys i s  considerations,  on which t h e  der iva t ion  of 

the  s t r u c t u r e  formulas f o r  t h e  viscous sublayer i s  based, are a l s o  v a l i d  

f o r  a turbulen t  flow. An increased turbulence i s  taken i n t o  account by 

the  magnitude of t he  dynamical ve loc i ty  v* = a. 
L e t  us assume t h a t  t he  numerical values of t he  constants a and B 

are no t  changed. 

c i r c u l a r  tube of rad ius  Ro. 

W e  s h a l l  consider s t a b i l i z e d  flow i n  a s t r a i g h t ,  smooth, 

The t angen t i a l  stress over t h e  c ross  s e c t i o n  

of t he  tube is ,  as w e  know, expressed by the  

T~ i s  the  f r i c t i o n  stress a t  t h e  w a l l ,  R- is 
+ 

stress is being ca lcu la ted)  of t he  tube. W e  

formula 

the  rad ius  (at which t h e  

s h a l l  assume t h a t  t h e  coef f i -  

T = T~ (R/Ro), where 

cent  of tu rbulen t  

tube (except f o r  t he  region of the sublayer) and along i t s  length. Then 

v i s c o s i t y  pT i s  constant over t he  cross sec t ion  of t h e  

the  equation f o r  determining t h e  ve loc i ty  assumes t h e  form 

W e  determine the  constant C from the  condition OT R2 
~ $ 0  2 

T 
o r u = C - -  - 
t h a t  t h e  v e l o c i t i e s  be equal a t  the  sublayer boundary. 

equation (2) w e  have 

According t o  

W e  consider t h a t  t h e  magnitude of p~ is  determined, just as f o r  f r e e  /125 

stream j e t s , b y  the  formula (Ref. 5) : 

i 
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where u is an empirical constant which can be determined by experiments 

with stream jets, Jo is the intensity of the stream jet. 

0. ?X 
u 2 y 2  

Using the relations =- -- -- where X is the resistance coeffi- 

cient, and denotes the mean velocity -- and (Ref. 5), we rewrite equa- 

tion (4) in the form 

Three empirical constants are included in the above expression for 

the limiting turbulent velocity profile; one of them, u ,  is determined 

from experiments with free stream jets, and the constants a and B -- from 
experiments with smooth tubes under the usual conditions of turbulent 

flow. The quantity u characterizes the initial turbulence to a certain 

extent. The value a = 0.21 was used for further calculations (Ref. 5). 

The constant a characterizes the dimensionless thickness of the viscous 

sublayer a = ylv*/v. As follows from an examination of the experimental 

data, in boundary layers of various kinds (Ref. 3 ) ,  including diffusive 

boundary layers, and also in sections, in pre-disruption states, the 

value a = 6 can be considered as very close to its minimal value. 

The velocity profile determined by expression ( 6 )  can be represented 

by the power law 
U tln --=($ . 

%ax (7) 

The Re number is included in the expression for the velocity ( 6 ) .  How- 

ever, calculations show that its influence on the velocity profile is 

negligible. Thus, when Re is changed from lo4 to infinity, u/i changes by 
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less than 0 .U .  

Therefore, t he  value of Re  is  barely apparent i n  t h e  exponent n i n  

formula (7). 

is  v a l i d  f o r  a l l  R e  numbers. 

The value n 2 50 obtained f o r  t h e  case under consideration 

The turbulen t  ve loc i ty  p r o f i l e ,  analyzed above f i l l s  t o  a g r e a t e r  

ex ten t  than usual ve loc i ty  p r o f i l e s  f o r  tu rbulen t  flow i n  a tube. 

according t o  t h e  da t a  i n  (Ref. 6) for Re = 3*106, n = 10. 

Thus, 

The increase  

i n  the  value of n is  explained by a g r e a t e r  flow turbulence. 

L e t  us determine t h e  mean ve loc i ty  

After simple transformations, using equation v,/u = f i / 2 f i ,  w e  ob ta in  

from equation (8) t h e  equation which allows us t o  determine the  c o e f f i c i e n t  

of hydraulic r e s i s t a n c e  f o r  turbulent flow through a tube 

Taking CI = 0.21, a = 6 ,  w e  obtain A = 0 .3 .  Similarly t o  u/G, A bare ly  

depends on t h e  Reynolds number. The conclusion s t a t e d  above i s  very re- 

1126 

markable, s ince  i t  is usually believed t h a t  the  se l f - s imi l a r i t y  of t h e  

stream flowing c lose  t o  a w a l l  i s  determined by t h e  presence of pressure 

r e s i s t a n c e  -- as i s  t h e  case, for  ins tance ,  with a flow i n  g rea t ly  

roughened tubes. However, the  r e s u l t  obtained above -- namely, t h a t  i n  

t h e  absence of pressure  res i s tance  (with only f r i c t i o n  r e s i s t ance  being 

present )  t h e  r e s i s t ance  is independent of t h e  Reynolds number -- has a l s o  

been confirmed by recent  experiments wi th  tubes whose i n t e r i o r  w a s  roughened 
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by a series of rings placed along these tubes (Ref. 7). The pressure dis- 

tribution was measured on ring-like transverse partitions placed in the 

tubes by means of a drain-pipe arrangement. 

surface of a partition was, naturally, greater than that on its reverse 

side. 

found in the experiments at which the swelling created by the s a h s e q ~ i ~ n t  

partition neutralized the decrease in pressure, and the form resistance 

was found to be zero. The resistance coefficient is also in this case 

independent of the Reynolds number. Thus, in the presence of high tur- 

bulence self-similar, undisrupted flows may exist in the vicinity of the 

walls. 

tions using our two-layer model of turbulent flow, with the heat load 

being constant over the length of the tube. 

Lyon integral (Ref. 2). 

The pressure on the front 

However, a value for the pitch of the ring-like partitions was 

We may determine the heat transfer in a tube for stabilized condi- 

For this purpose we use the 

, & where e-- @=r- e=-- is the coefficient of turbulent heat R U 

no' ii' T"PT 

conduction, c is the heat capacity. 

According 

integrals : 

to the adopted two-layer model, we have the following two 
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where 

The turbulent  v i scos i ty  i n  the sublayer i s  taken i n t o  account by 

equation (1). 

a f t e r  in tegra t ing  t o  within an accuracy of 0.1% ( for  Re  >, lo4)  

Determining w from equation (6) ,  we obtain the  following 

where 

Figure 1 shows t h e  dependence Nu = f(Re) f o r  Pr = 0.72; this was cal- /127 

culated from formula (12), where w e  took X = 0.30; oc = 6 ,  8 = 0.032; CI = 

= 0.21; E = 1. The results of t h e  ca lcu la t ion  based on formula (12) f o r  

t h e  case E = 2 i n  the  nucleus of t h e  flow, as is  usual ly  assumed i n  a 

theory of stream jets, are represented by a dotted l i n e .  

As w e  see from the  graphs, the e f f e c t  of the  change i n  E wi thin the  

indicated l i m i t s  on the  heat  t r ans fe r  i s  negl ig ib le ,  t h i s  being r e l a t e d  t o  

t h e  small thermal res i s tance  of the  flow nucleus i n  t h e  case under con- 

s idera t ion .  

i s  13.0 t i m e s  g rea te r ,  and f o r  Re = 5*104 i s  15.5 g rea t e r  than t h a t  ob- 

ta ined f o r  the  usual turbulent  flow through a smooth tube. 

The l imi t ing  value of t h e  heat t r ans fe r  obtained fo r  R e  = l o4  
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Figure 1 

H e a t  Transfer in Turbulent Flows: 1- Nu = 0.02 Reo '* ;  
2- dense l aye r  (Ref. l l ) ,  P r  = 0.72 (recalculated f o r  
u (narrow cross  sect ion);  3- from formula (14), P r  = 20; 
4- from formula (14), Pr  = 100; 5- from formula (121, 
E = 2;  6- from formula (12), E = 1; 7- from formula (14),  
P r  = 0.72; 8- roughened tube (Ref. 9), k/Ro = 0.4; 
L/K = 9.8; 9- heat t r ans fe r  a t  t he  c r i t i c a l  point  
(Ref. 12).  

The hea t  t r ans fe r ,  determined by formula (12), is  obviously d i f f i c u l t  

t o  achieve i n  prac t ice .  For t h i s  purpose, i t  i s  necessary t o  render t h e  

flow turbulent  continuously along t h e  e n t i r e  length of a channel, without 

a t  the  same time decreasing the  f r i c t i o n  stress i n  the  v i c i n i t y  of the  

w a l l .  The turbulent  flows encountered i n  p rac t i ce  are d i f f e r e n t ,  mainly 
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in the fact that the flow is made turbulent 

expansions and disruptions of the flow, which diminishes the friction 

stress near the wall. 

tubes, in various coverings, etc., may serve as examples of such flows. 

due to periodical 

The flow in dense granular layers, in greatly roughened 

In the periodically disrupted flows under consideration, the friction 

stress near the wall in diffusive sections is diminished, and at the points 

of disruption it strives to zero. 

place mainly at a certain distance from the wall. 

The energy dissipation in this case takes 

In this connection, we 

shall examine the results of experiments carried out by Fedge and Faulkner 

(Ref. 8), who have measured the distribution of the friction stress around 

the entire perimeter of the cylinder. The mean friction stress calculated 

from fromula 

- 
for Re = urrd/v = 5.2-105, where S -- the perimeter line, d -- the diameter 
of the cylinder, was.found to be cf = 0.00318. 

the same Re number, we have for a turbulent boundary layer c = 0.005, and 

for a laminar boundary layer c = 0.002. Thus, in spite of an intense 

disruption process, * T % ~  proves to be similar to the case of a flow with 

vanishing gradient past a smooth surface. 

with a sufficient accuracy, for the case of a dense layer, greatly 

roughened tube, etc., is at present impossible, whatever the theoretical 

methods used, and its experimental determination is extremely difficult. 

By analogy with the examined case of interrupted flow through a cylinder, 

For a smooth plate and 

A direct determination of ‘cW, 

we can assume in the first approximation that in a dense layer and in 
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grea t ly  roughened tubes t h e  f r i c t i o n  stress i n  the  v i c i n i t y  of a w a l l  is  

the  same as t h a t  f o r  a smooth surface. 

I n  t h e  examples under consideration, f o r  ins tance ,  i n  a dense l aye r ,  /128 

new boundary l aye r s  start forming behind t h e  po in t s  of flow separa t ion  

from the  surface; movement i n  the  boundary l aye r s  i n  t h e  rear regions i s  

d i r ec t ed  towards the  main flow and is regulated by t h e  r e t u r n  flow. 

i n  con t r a s t  t o  a developed movement through a tube,  i n  our case the uuvc- 

ment w i l l  be pe r iod ica l ly  unstable. 

Thus, 

S i m i l a r  phenomena take  p lace  a l so  i n  g r e a t l y  roughened channels. 

Ins tead  of such pe r iod ica l ly  unstable motion, one can, t o  a c e r t a i n  

approximation, examine movement which i s  s t a b l e  on-the-average i n  a tube. 

Based on t h e  above statements,  w e  assume t h a t  t h e  average f r i c t i o n  stresses 

a t  the wall - where S i s  the  l i n e  of t h e  channel perimeter 

-- wi th  pe r iod ica l  d i s rupt ions  being present -- w i l l  d i f f e r  negl ig ib ly  

from t h e  stresses encountered i n  flow through a smooth channel. 

Therefore, i n  order t o  g ive  an estimate f o r  l imi t ing ,  tu rbulen t  hea t  

t r a n s f e r  with per iodic  d is rupt ions  of the  flow, w e  assume i n  formula (12) 

t h a t  f o r  a viscous sublayer ' I ~  i s  t h e  same as t h a t  f o r  t he  case of a smooth 

tube,  t h a t  a t  the  boundary of the  sublayer T undergoes a jump, and t h a t  

i n  t h e  nucleus of t h e  flow A = 0.30 is  t h e  value corresponding t o  T. 

s p i t e  of the  f a c t  t h a t  t he  thickness of t he  viscous sublayer i s  assumed 

t o  be t h e  same as t h a t  f o r  a smooth channel, w e  assume t h a t  t he  turbulence 

i n  t h e  sublayer i s  increased, and t h a t ,  consequently, t he  vertical com- 

ponent of t h e  pu l sa t ing  ve loc i ty  a t  t he  boundary of t h e  sublayer 

I n  

i s  
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Vy' - v. = v f l  E, where A = 0.30. Then, a t  the  sublayer boundary the  

turbulent  v i scos i ty  i s  given by the formula 

I .  

The subscr ip t  0 corresponds t o  ordinary turbulent  flow. 

Taking i n t o  account the  stated premises, on the  b a s i s  of formula (12), 

w e  obtain the expression 

0,0634 (I - 7) 
I e .  -+ -= 

2Nu 1 + Pr Re-0,186 

where 

Figure 1 presents  the  dependence Nu = f(Re),  ca lcu la ted  from formula 

(14) f o r  P r  = 0.72; 20; 100. W e  s h a l l  compare the  obtained r e s u l t s  with 

the  ava i lab le  experimental da ta  on turbulent  flows (dense l aye r ,  g rea t ly  

roughened tubes).  A t  l a rge  values of both the r e l a t i v e  roughness k/Rg 

and the  dis tances  between the  elements of r ing-l ike roughness, flow 

through such a tube can be schematically represented as an expansion of a 

stream je t  i n  a l imited space. For t h i s  kind of arrangement, a t  P r  = 0.72 

t h e  maximal heat t r ans fe r  was  observed a t  k/Ro = 0.4 ;  L/k = 9.8 (Ref. 91, 

where k i s  the height of protuberances, L is  the d is tance  between them. 
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These da ta  are represented i n  Figure 1. 

Now w e  s h a l l  examine the  experimental da ta  on a dense layer .  The /129 

boundary l aye r  which is turbulen t  t o  a m a x i m a l  ex t en t  a t  separa te  c ross  

sec t ions  of t he  l aye r ,  due t o  t h e  ac t ion  of vortex t r acks ,  and t h e  

phenomena i n  a dense l aye r  o r  i n  the roughened tube discussed above, are 

very s i m i l a r  t o  each other.  I n  both cases,  t h e  nucleus of t h e  flow 

(ex terna l  streamline flow) is  sa tura ted  with vor t ices .  As w e  know, the 

da ta  on hea t  t r a n s f e r  i n  a dense layer,due t o  t h e  uncertain determination 

of particle loca t ion ,  usua l ly  pe r t a in  t o  t h e  so-called d i f fus ion  ve loc i ty  

-- namely, t o  t h e  ve loc i ty  which would e x i s t  i f  no p a r t i c l e s  w e r e  p resent .  

I n  order  t o  determine t h e  real ve loc i ty  i n  dense l aye r  channels, i t  is 

necessary t o  f i n d  t h e  real d i s t r i b u t i o n  of p a r t i c l e s  i n  the  l aye r .  

(Ref. 10) assumes t h a t ,  from t h e  s ta t is t ical  poin t  of view, a dense l a y e r  

composed of mixed i d e n t i c a l  spheres may be regarded as a c e r t a i n  combina- 

t i o n  of separa te  groups of densely-packed, simple cubica l  d i s t r i b u t i o n s  

co r re l a t ed  i n  t h e  r a t i o  r e s u l t i n g  i n  t h e  observed 

Sleduya 

*. 
For a simple cubica l  packing, t h e  poros i ty  P = 0.476. Correspondingly, 

f o r  densely-packed d i s t r i b u t i o n s  (pyramidal and t e t r ahedra l )  P = 0.26. On 

t h e  b a s i s  of experimental da t a ,  the mean porosity of t h e  l a y e r  can be 

assumed t o  be P = 0.4. 

In accordance wi th  the  adopted assumptions, w e  have an equation 

determining t h e  r a t i o  of t h e  corresponding packings 0.4 = 0 . 4 7 6 ~  + 0.26(1-x). 

Hence, x = 0.648.  For a s i m p l e  cubical packing, t h e  r a t i o  of t h e  narrow 

* Trans l a to r ' s  note: Word i l l e g i b l e  i n  fore ign  tex t ,  but probably poros i ty .  

1 4  



t r a n s i t i o n a l  c ross  sec t ion  t o  t h e  t o t a l  c ross  s e c t i o n  i s  Fnr/F = 0.212, 

whereas for densely-packed coverings Fnr/F = 0.0885. 

f o r  t h e  narrow cross-section of t he  l aye r ,  i n  accordance with t h e  packing 

f r ac t ions ,  i s  F/Fnr = 5.93. The obtained r a t i o  F/Fnr allows us t o  de- 

termine t h e  ve loc i ty  i n  t h e  narrow cross  sec t ion  of t h e  layer  from t h e  

d i f fus ion  ve loc i ty ;  by t h e  tube bundle analogy, t h e  former i s  t h e  con- 

t r o l l i n g  ve loc i ty .  

Figure 1 i n  t h e  above-mentioned paper presents  t h e  da t a  obtained by W. H. 

Denton (Ref. 11).  

The mean value 

W e  may a l s o  r eca l cu la t e  t h e  da t a  on t h e  hea t  t r ans fe r .  

The comparison between the  computational r e s u l t s  based on formula 

(14) and the  experimental da t a  on a dense l aye r  and g rea t ly  roughened 

tubes,  shown i n  Figure 1, makes i t  clear t h a t  t hese  d a t a  are very similar 

t o  each other.  Such a coincidence allows us t o  assume t h a t  both t h e  

t h e o r e t i c a l  dependence and the  experiment cha rac t e r i ze  a state which is 

very c lose  t o  t h e  l imi t ing  state,  from t h e  poin t  of v i e w  of turbulence 

i n  t h e  presence of per iodic  expansions and d is rupt ions  of t he  flow i n  t h e  

v i c i n i t y  of t he  w a l l .  

The i n t e n s i t y  of hea t  t r ans fe r  a t  R e  = l o 4  i s  i n  the  case under con- 

s i d e r a t i o n  4.5 t i m e s  g r ea t e r  than t h a t  for ordinary turbulen t  flow through 

a tube. Generally speaking, t h e  m a x i m a l  hea t  t r a n s f e r  i n  a flow w i l l  t ake  

p l ace  i n  t h e  case of t h e  minimal thickness and maximal turbulence of t h e  

boundary layer .  

a cy l inder  under the  condition of maximal turbulence of t h e  advancing 

Obviously, flow a t  t h e  c r i t i c a l  po in t  o f ,  f o r  example, 

flow corresponds t o  

Figure 1 shows 

t h e  s t a t e d  conditions. 

t h e  da ta  for  t h e  examined case, obtained i n  (Ref. 1 2 )  
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f o r  i n i t i a l  turbulence which w a s  the  g r e a t e s t  achieved i n  the  experiments 

(the d is tance  between t h e  cylinder and the  g ra t ing  which produces turbu- 

lence is  L/d = 6 ,  where d is  the  diameter of t h e  cy l inder ) .  

seen from the  graph, t hese  da ta  f o r  t he  explored range of Re numbers are 

very c lose  t o  t h e  d a t a  on the  dense l aye r  i n  a g rea t ly  roughened tube, 

although the  s t r u c t u r e  of t he  boundary l a y e r  is d i f f e r e n t  i n  t h i s  case 

(laminar boundary l aye r ) ,  and t h e  f r i c t i o n  stress a t  t h e  w a l l  is  not 

diminished. 

A s  can be 

The case of a turbulen t  boundary l aye r  a t  t he  f r o n t  c r i t i ca l  poin t  

does not  occur i n  p rac t i ce .  

t o  formula (14) is i n  t h i s  case accidental;  i t  shows, however, t h a t  t he  

computation based on formula (12) i s  c lose  t o  t h e  maximal hea t  t r a n s f e r  

observed i n  p rac t i ce .  

The agreement with t h e  ca l cu la t ions  according 

A comparison of t he  computational r e s u l t s  based on formulas (12) and 

(14), and a l s o  a comparison with the da t a  f o r  ordinary turbulen t  flow through 

a tube,  i nd ica t e s  t h a t  per iodic  expansions and d i s rup t ions ,  and, conse- 

quently,  r e s to ra t ions  of t h e  boundary l aye r ,  s u b s t a n t i a l l y  i n t e n s i f y  hea t  

t r a n s f e r .  

g r e a t e r  [formula (12)] i f  t hese  phenomena had not been followed by a de- 

c rease  i n  t h e  f r i c t i o n  stress a t  the  w a l l ,  as compared with T i n  t h e  

stream. Nevertheless, t h i s  phenomenon is  an essential property of dis- 

r u p t i v e  flows. 

expansions and l o c a l  d i s rupt ions  a t  t h e  w a l l ,  bu t  due t o  some o ther  

mechanism -- without simultaneously decreasing t h e  f r i c t i o n  stress at  t h e  

However, t h e  enhancement of heat t r a n s f e r  would have been even /130 

Creation of equivalent turbulence i n  a flow not  due t o  
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w a l l ,  w i l l  lead t o  a f u r t h e r  enhancement of hea t  t r ans fe r .  

present,  t h i s  problem has not been solved i n  prac t ice .  

r e s i s t ance ,  determined by equation ( 9 ) ,  does no t  contain a f r a c t i o n  

corresponding t o  pressure res i s tance ,  as is t h e  case f o r  a dense l a y e r  

and f o r  roughened tubes, and, consequently, it is  minimal f o r  a flow 

with t h e  hea t  t r a n s f e r  c lose  t o  i t s  l imi t ing  value. 

Up t o  t h e  

The hydraulic 

In t h i s  connection, i t  is of i n t e r e s t  t o  compare the  obtained da ta  

[heat t r a n s f e r  from equation (14), r e s i s t ance  from equation ( 9 ) ]  with 

the  ava i l ab le  experimental r e s u l t s  f o r  var ious  devices producing turbu- 

lence ,  and a l s o  with ordinary turbulent motion through a tube, t he  com- 

par i son  being made with regard t o  energy. I n  Figure 2 ,  such a comparison 

i s  shown i n  the  coordinates a, N ,  where N is t h e  power needed t o  overcome 

the  resistance, taken wi th  respec t  t o  t h e  u n i t  area. 

shows t h e  r e s u l t s  of experiments with optimal s p i r a l  turbulence-producing 

devices (Ref. 13), and with roughened p r o f i l e  channels (Ref. 14).  It 

follows from the  graphs t h a t  t h e  l imi t ing  turbulence due t o  r e s t o r a t i o n  of 

t h e  boundary l a y e r  and l o c a l  d i s rupt ions  ensures t h e  2 . 3  increase  i n  heat 

removal over t h e  value found f o r  ordinary turbulen t  flow through a smooth 

tube,  with r e s i s t ance  lo s ses  being equal. 

The f i g u r e  a l s o  

The da ta  on a r t i f i c i a l  roughness shown here provide f o r  t h e  1.5 

increases i n  heat removal, as compared with the  value f o r  a smooth tube. 

Thus t h e  "reserve" increase  i n  heat removal, taking i n t o  account t h e  

p r a c t i c a l  u n a t t a i n a b i l i t y  of t h e  l imi t ing  s ta te  (from t h e  poin t  of v i e w  

of t h e  r e l a t i o n  between t h e  res i s tance  lo s ses  and t h e  hea t  removal), i s  

found t o  be q u i t e  s m a l l .  
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I C 

Figure 2 

Comparison Between Turbulent Flows Taking i n t o  Account t h e  
Energy Relations: 1- from formulas (9) and (14);  2- s p i r a l  
turbulence-producing devices (Ref. 13) ; 3- rof  i l e  channel 

(a) - w/l?degree; 

(Ref. 14);  4-  Nu = 0.02 Re O**, A0 = 0 . 3 1 6 / p .  t: 
(b) - 100 w/m2. 

Considerable e f f o r t  has recent ly  been d i r ec t ed  toward c rea t ing  turbu- 

l e n t  sur faces  of hea t  t r a n s f e r  due t o  the  optimal form of t h e  channel 

w a l l s .  

The above ana lys i s  shows t h a t  t he  p o s s i b i l i t i e s  i n  t h i s  d i r e c t i o n  

are very unpromising from t h e  point of v i e w  of hea t  removal with equal 

resistance losses .  

Considerable reserves f o r  enhancement of hea t  t r a n s f e r  i n  forced / 131 

tu rbu len t  motion, i n  addi t ion  t o  those mentioned earlier, can be  found, 

apparently,  i n  t h e  appl ica t ion  of d i spers ive  materials e x i s t i n g  i n  forced 

states (pseudo-liquified l aye r ,  e tc . ) .  

The increase  i n  compactness of hea t  exchangers should a l s o  be achieved 

by a wider use of finned surfaces,  by diminishing t h e  channel diameters, 

18 , 



and by increasing heat carrier velocity. 

Received June 7,  1965. 

REFERENCES 

1. Petrovskii, Yu. V., Fastovskii, V. G. Modern Effective Heat Exchangers 

(Sovremennye effektivnyye teploobmenniki). Gosenergoizdat, 1962. 

2.  Kutateladze, S. S. Foundations of Heat Transfer Theory (Osnovy teorii 

teploobmena). Mashgiz, 1962. 

3. Turbulent Flows and Heat Transfer (turbulentnyye techeniya i teplo- 

peredacha). Collection of articles, Izd-vo Inostr. Lit-ry, 1963. 

4. Tyul'panov, P. S. Some Regularities in the Flow Through Strongly 

Roughened Tubes (Nekotoryye zakonomernosti techeniya v sil'no sherek- 

hovatykh trubakh). Inzh. - Fiz. Zhurnal, No. 6, 1964. 
5. Loytsyanskiy, L. G. Mechanics of Liquids and Gases (Mekhanika zhid- 

kosti i gaza). Gostekhizdat, 1957. 

6. Schlichting, G. Theory of the Boundary Layer. I z d *  Inostr- LiteraturY 

1956. 

7. Savage, D. W., and Myers, J. E. The Effect of Artificial Surface 

Roughness on Heat and Momentum Transfer. A. I. Ch. Journal, September, 

1963. 

8 .  The Present-day State of Hydroaerodynamics of Viscous Fluid (Sovremen- 

Izdatel' stvo noye sostoyaniye gidroaerodinamiki vyazkoy zhidkosti) . 
Inostrannoy Literatury, Vol. 2, p.  105, 1948. 

9. Koch, R. Pressure Loss and Heat Transfer for Vortex Flow (Druckverlust 

19 



NASA TTF-10,257 

I -  

und Waermeuebergang bei verwirbelter Stroemung). 

No. 469, 1958. 

VDI - Forschungsh, 

10. Deresevich, G. Mechanics of a Granular Medium (Mekhanika zernistoy 

sredy). Problems in Mechanics (Problemy mekhaniki). Izdatel'stvo 
- lnostraaLioy- J A I L G L u - u L J ,  2 + - - - t . . r x r  1961 - 

11. Ekkert, E. R., and Dreyk, R. M. Theory of Heat and Mass Transfer 

(Teoriya teplo i massoobmena). Gosenergoizdat, p. 317, 1961. 

12. Mikhaylov, G. A. The Distribution of Convective Heat Removal Coeffi- 

cient Along the Tube Circumference for Tube Bundles of Different 

Arrangements (Raspredeleniye konvektivnogo koeffitsiyenta teploot- 

dachi PO okruzhnosti trub v puchkakh razlichnogo raspolozheniya). 

Trudy Tsentral'nyy Nauchno-Issledovatel'skiy Kotloturbinnyy Institut, 

No.' 151, 1938. 

13. Novozhilov, I. F., Migay, V. K. Enhancement of Convective Heat Trans- 

fer in Channels, By Means of Artificial Roughness (Intensifikatsii 

konvektivnogo teploobmena v trubakh putem ispol'zovaniya iskusst- 

vennoy sherokhovatosti). Teploenergetika, No. 10, 1964. 

14. Migay, V. K., Slobodskaya, L. N. Investigation of Heat Transfer Sur- 

face with Crimped Distant Blade for Rotating Boiler Air-heaters 

(Issledovaniye poverkhnosti teploobmena s volnistym distatsionnym 

listom dlya kotel'nykh vrashchayushchikhsya vozdukhopodogrevateley). 

Teploenergetika, No. 9, 1962. 
Scientific Translation Service 

4849 Tocaloma Lane 
La Canada, California 

20 


